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temperature correction circuit further includes a fourth resis-
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1
BANDGAP REFERENCE CIRCUIT AND
POWER SUPPLY CIRCUIT

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application is based upon and claims the benefit of
priority from Japanese patent application No. 2011-250925,
filedon Nov. 16,2011, the disclosure of which is incorporated
herein in its entirety by reference.

BACKGROUND

The present invention relates to a bandgap reference circuit
and a power supply circuit, and more specifically, to a band-
gap reference circuit and a power supply circuit that correct
temperature characteristics.

In recent years, hybrid cars and electric vehicles have
become popular, and more and more vehicles are loaded with
batteries in order to obtain electric power. Such a vehicle
typically uses an assembled battery including a large number
of battery cells connected in series in order to obtain high
voltage. The voltages of the battery cells of the assembled
battery fluctuate according to use conditions of the vehicle, as
is similar to gasoline in gasoline cars. Accordingly, a system
for monitoring voltages is necessary to monitor the status of
the battery cells.

A voltage to be monitored is input to a voltage monitoring
system as an analog signal. The voltage monitoring system
performs analog to digital conversion (hereinafter referred to
as AD conversion) to convert the analog signal to a digital
signal. Therefore, an analog to digital converter (hereinafter
referred to as ADC) is included in the voltage monitoring
system and an apparatus or a circuit in the voltage monitoring
system.

For the safe travelling of hybrid cars or electric vehicles, it
is required to monitor the output voltage of the assembled
battery with high accuracy. Therefore, an increase in the
accuracy of the AD conversion by the ADC is required. In
order to increase the accuracy of the AD conversion by the
ADC, it is required to suppress fluctuations in the reference
voltage supplied to the ADC. Accordingly, a bandgap refer-
ence circuit (hereinafter referred to as BGR) with little volt-
age fluctuation is used as a reference voltage source.

Hereinafter, a typical BGR (specification of U.S. Pat. No.
3,887,863) will be described. FIG. 24 is a circuit diagram
showing a configuration of a typical BGR circuit 1100. The
BGR circuit 1100 is a BGR circuit which is generally called
a Brokaw cell. The BGR circuit 1100 includes resistors
RL101 and R1.102, bipolar transistors Q101 and Q102, resis-
tors R101 and R102, and an amplifier AMP.

The resistor RL101 is connected between a power supply
terminal that supplies a power supply voltage VDD (herein-
after referred to as a power supply terminal VDD) and the
collector of the bipolar transistor Q101. The resistor R101 is
connected between the emitter of the bipolar transistor Q101
and a power supply terminal that supplies a ground voltage
GND (hereinafter referred to as a ground terminal GND). The
base of the bipolar transistor Q101 is connected to an output
terminal T, 7.

The resistor R[.102 is connected between the power supply
terminal VDD and the collector of the bipolar transistor
Q102. The resistor R102 is connected between the emitter of
the bipolar transistor Q102 and the emitter of the bipolar
transistor Q101. The base of the bipolar transistor Q102 is
connected to the output terminal T .7

10
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2

The non-inverting input of the amplifier AMP is connected
to the collector of the bipolar transistor Q101, and the invert-
ing input of the amplifier AMP is connected to the collector of
the bipolar transistor Q102. The output of the amplifier AMP
is connected to the output terminal T ;-

Note that the bipolar transistor Q101 and the bipolar tran-
sistor Q102 have different sizes. In this example, the area ratio
of'the bipolar transistor Q101 to the bipolar transistor Q102 is
1:N. Accordingly, the bipolar transistor Q101 and the bipolar
transistor Q102 have different current densities during opera-
tion. In summary, the current density I, , of the bipolar tran-
sistor Q101 and the current density J,,, of the bipolar tran-
sistor Q102 satisfy the relation shown below in formula (1).

®

Jip
Jio1

Subsequently, an operation ofthe BGR circuit 1100 will be
described. In the following description, the base-to-emitter
voltages of the bipolar transistors Q101 and Q102 are denoted
by Vg and Vgg,, respectively. As shown in FIG. 24, a
current 11 flows through the bipolar transistor Q101, and a
current 12 flows through the bipolar transistor Q102 and the
resistor R102. A current I flows through the resistor R101. In
this case, an output voltage V- that appears in the output
terminal T, s expressed as the following formula (2).

Vacr=Vae +R101- 2)

The base-to-emitter voltage V., of the bipolar transistor
Q101 can be expressed by the following formula (3).

Vae1=Vae+R102:12 3)

Solving formula (3) for the current 12 yields the following
formula (4).

@)

Vel — Vg2
n=—"=—
R102

Further, (Vgz,—V gz )=AV gz 1s expressed by the following
formula (5). Note that K is Boltzmann constant, q is the
charge of an electron, and T is absolute temperature.

®

AVg = gln(%)

Using formula (1), formula (5) can be rewritten into the
following formula (6).

KT (6)
AVgs = 71n(N)

Substituting formula (6) into formula (4) yields the follow-
ing formula (7).

M

n In(N)

= g RID2

The BGR circuit 1100 operates so that the current 11
becomes equal to the current 12. When 11=12, the following
formula (8) is established.

=212 ®
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From formulae (2), (7), and (8), the following formula (9)
can be obtained.

RIOL KT
R0z g 2V

)

Vacr = Vpe1 +2-

The BGR circuit 1100 is able to correct temperature depen-
dencies of bipolar transistors. Based on formula (9), the tem-
perature dependencies of the bipolar transistors appear as
fluctuations in Vg, due to temperature changes. The second
term of the right side of formula (9) is a term which indicates
the effect of correcting fluctuations in V. In summary, the
second term of the right side of formula (9) having a positive
temperature coefficient acts on the base-to-emitter voltage
Vg of the bipolar transistor Q101 having a negative tem-
perature coefficient, thereby being able to correct the tem-
perature dependencies of the output voltage V z.

Various other BGR circuits have been proposed. The speci-
fication of U.S. Pat. No. 7,420,359 discloses a method of
referring an output voltage of a BGR circuit to supply a signal
according to the reference result to the BGR circuit, thereby
correcting the output voltage of the BGR circuit. The speci-
fication of U.S. Pat. No. 6,642,699 discloses a BGR circuit
that compensates temperature characteristics using a differ-
ential pair. The specification of U.S. Pat. No. 6,118,264 dis-
closes a method of adding a correction voltage to an output
voltage of a BGR circuit, to compensate the output voltage of
the BGR circuit.

SUMMARY

However, the present inventors have found that the BGR
circuit stated above has the following drawbacks. FIG.25is a
graph showing temperature characteristics of the output volt-
age Vg of the typical BGR circuit 1100. It is known that the
BGR circuit 1100 has curved temperature characteristics in
which the output voltage V5, is shown by a curved line .10
having an upwardly convex shape, with a vertex of a certain
temperature. In this example, the temperature at which the
curved line .10 indicating the temperature characteristics of
the output voltage V z 5 of the BGR circuit 1100 indicates the
maximum value is denoted by Ts.

In the BGR circuit which supplies the reference voltage to
the ADC included in the voltage monitoring system of the
assembled battery used in the electric vehicle or the hybrid
car, as described above, it is required to control the output
voltage with high accuracy. From recent situations in which
electric vehicles and hybrid cars have become popular, it is
expected that the demands for improving the accuracy of
controlling the output voltage of the BGR circuit will be
stronger. Accordingly, in order to further improve tempera-
ture dependencies of the output voltage of the BGR circuit, it
is required to further flatten the curved temperature charac-
teristics shown in FIG. 25.

One aspect of the present invention is a bandgap reference
circuit including: a first bipolar transistor and a second bipo-
lar transistor that are connected between a first power supply
terminal and a second power supply terminal, each base of the
first bipolar transistor and the second bipolar transistor being
connected to an output terminal; a first resistor that is con-
nected between the second power supply terminal and the first
bipolar transistor; a second resistor and a third resistor that are
connected in series between an end of the first bipolar tran-
sistor of the first resistor and the second bipolar transistor; and
a first temperature correction circuit that is connected
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4

between the second power supply terminal and a node
between the second resistor and the third resistor, in which the
first temperature correction circuit includes: a first transistor
that is connected between the second power supply terminal
and the node between the second resistor and the third resis-
tor, the base of the first transistor being connected to the end
of the first bipolar transistor of the first resistor; and a fourth
resistor that is connected in series between the first transistor
and the second power supply terminal. According to this
bandgap reference circuit, the temperature correction circuit
10 is able to supply a correction amount having a positive
temperature coefficient to the base-to-emitter voltage of the
first bipolar transistor having a negative temperature coeffi-
cient. Accordingly, it is possible to suppress fluctuations in
the output voltage which depends on the base-to-emitter volt-
age of the first bipolar transistor output to the output terminal.
According to the present invention, it is possible to provide
a bandgap reference circuit and a power supply circuit that are
capable of correcting temperature characteristics of an output
voltage and suppressing fluctuations in the output voltage.

BRIEF DESCRIPTION OF THE DRAWINGS

The above and other aspects, advantages and features will
be more apparent from the following description of certain
embodiments taken in conjunction with the accompanying
drawings, in which:

FIG. 1 is a block diagram showing a configuration of a
voltage monitoring system VMS for monitoring an output
voltage of an assembled battery that supplies power to an
electric vehicle or the like;

FIG. 2 is a block diagram of main parts of the voltage
monitoring system VMS showing a connection relation of a
cell monitoring unit CMU and voltage monitoring modules
VMM1-VMMn;

FIG. 3 is a block diagram showing a configuration of the
voltage monitoring module VMM1;

FIG. 4 is a circuit diagram showing a configuration of a
BGR circuit 100 according to a first embodiment;

FIG. 5 is an equivalent circuit diagram showing the BGR
circuit 100 when T<TthH;

FIG. 6 is an equivalent circuit diagram showing the BGR
circuit 100 when T=TthH;

FIG. 7 is a graph showing temperature characteristics of an
output voltage V5, of the BGR circuit 100 according to the
first embodiment;

FIG. 8 is a circuit diagram showing a configuration of a
BGR circuit 200 according to a second embodiment;

FIG. 9 is a circuit diagram showing a configuration of a
BGR circuit 300 according to a third embodiment;

FIG. 10 is a graph showing temperature characteristics of
an output voltage Vg, of the BGR circuit 300 according to
the third embodiment;

FIG. 11 is a circuit diagram showing a configuration of a
power supply circuit 400 according to a fourth embodiment;

FIG. 12 is an equivalent circuit diagram showing the power
supply circuit 400 when T>TthL;

FIG. 13 is an equivalent circuit diagram showing the power
supply circuit 400 when T<TthL;

FIG. 14 is a graph showing temperature characteristics of
an output voltage V., of the power supply circuit 400
according to the fourth embodiment;

FIG. 15 is a circuit diagram showing a configuration of a
power supply circuit 500 according to a fifth embodiment;

FIG. 16 is a circuit diagram showing a configuration of a
power supply circuit 600 according to a sixth embodiment;
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FIG. 17 is a graph showing temperature characteristics of
an output voltage V. of the power supply circuit 600
according to the sixth embodiment;

FIG. 18 is a circuit diagram showing a configuration of a
power supply circuit 700 according to a seventh embodiment;

FIG. 19 is a circuit diagram showing a configuration of a
power supply circuit 800 according to an eighth embodiment;

FIG. 20 is a graph showing temperature characteristics of
an output voltage V. of the power supply circuit 800
according to the eighth embodiment;

FIG. 21 is a circuit diagram showing a configuration of a
power supply circuit 900 according to a ninth embodiment;

FIG. 22 is a circuit diagram showing a configuration of a
power supply circuit 1000 according to a tenth embodiment;

FIG. 23 is a graph showing temperature characteristics of
an output voltage V. of the power supply circuit 1000
according to the tenth embodiment;

FIG. 24 is a circuit diagram showing a configuration of a
typical BGR circuit 1100;

FIG. 25 is a graph showing temperature characteristics of
an output voltage V5 of the typical BGR circuit 1100.

DETAILED DESCRIPTION

Hereinafter, with reference to the drawings, embodiments
of the present invention will be described. Throughout the
drawings, the same components are denoted by the same
reference symbols, and overlapping description will be omit-
ted as appropriate.

For the sake of understanding of embodiments of the
present invention, description will be first made of a voltage
monitoring system that monitors an output voltage of an
assembled battery which supplies power to an electric vehicle
or the like. First, referring to FIG. 1, the outline of a configu-
ration of a voltage monitoring system VMS for monitoring an
output voltage of an assembled battery that supplies power to
an electric vehicle or the like is described. FIG. 1 is a block
diagram showing a configuration of the voltage monitoring
system VMS for monitoring the output voltage of the
assembled battery that supplies power to the electric vehicle
or the like. The voltage monitoring system VMS includes
voltage monitoring modules VMM1-VMMn (n is an integer
of two or larger), insulating elements INS1 and INS2, a cell
monitoring unit CMU, and a battery management unit BMU.
The cell monitoring unit CMU and the battery management
unit BMU are micro computing units (MCUs), for example.
Each of the voltage monitoring modules VMM1-VMMn has
apower supply circuit U1, a cell balance circuit U2, a voltage
measurement circuit U3, a control circuit U4, a communica-
tion circuit US5.

The voltage monitoring system VMS monitors the voltage
of'an assembled battery assy by the voltage monitoring mod-
ules VMM1-VMMn. The assembled battery assy includes n
pieces of battery modules EM1-EMn that are connected in
series. Each of the battery modules EM1-EMn includes m (m
is an integer of two or larger) pieces of battery cells that are
connected in series. In summary, in the assembled battery
assy, (mxn) pieces of battery cells are connected in series.
Accordingly, the assembled battery assy is able to obtain a
high output voltage.

The cell monitoring unit CMU is connected to a commu-
nication input terminal of the voltage monitoring module
VMMn via the insulating element INS2, and is connected to
a communication output terminal of the voltage monitoring
module VMM]1 via the insulating element INS1. The insulat-
ing elements INS1 and INS2 are photo couplers, for example,
and electrically separate the voltage monitoring modules
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VMM1-VMMn from the cell monitoring unit CMU. This
makes it possible to prevent damage to the cell monitoring
unit CMU caused by the application of a high voltage from
the assembled battery assy to the cell monitoring unit CMU
upon occurrence of a failure or the like.

The cell monitoring unit CMU is further connected to the
battery management unit BMU. The cell monitoring unit
CMU calculates an output voltage of each of the battery cells
from the voltage monitoring results obtained by the voltage
monitoring modules VMM1-VMMn, to notify the battery
management unit BMU of the calculation results. Further, the
cell monitoring unit CMU controls operations of the voltage
monitoring modules VMM1-VMMn according to a com-
mand output from the battery management unit BMU. The
battery management unit BMU is further connected to an
engine control unit (ECU). The battery management unit
BMU controls an operation of the voltage monitoring system
VMS according to the output voltage of each of the battery
cells notified from the cell monitoring unit CMU and a com-
mand output from the engine control unit ECU. Further, the
battery management unit BMU notifies the engine control
unit ECU of information regarding each status of the voltage
monitoring system VMS, the assembled battery assy and the
like. Operations of the cell monitoring unit CMU and the
battery management unit BMU will be described in detail in
the description of the operation of the voltage monitoring
system VMS explained below.

Next, referring to FIG. 2, the connection relation between
the voltage monitoring modules VMM1-VMMn and the cell
monitoring unit CMU will be described. FIG. 2 is a block
diagram of main parts of the voltage monitoring system VMS
showing the connection relation between the voltage moni-
toring modules VMM1-VMMn and the cell monitoring unit
CMU. The voltage monitoring modules VMM1-VMMn are
connected to the battery modules EM1-EMn, respectively,
and monitor voltages received from the battery modules
EM1-EMn, respectively. The voltage monitoring modules
VMM1-VMMn are daisy-chain-connected, and outputs of
communication circuits U5 of the voltage monitoring mod-
ules VMM2-VMMn are connected to inputs of communica-
tion circuits U5 of the voltage monitoring modules VMM1-
VMM(n-1), respectively.

The cell monitoring unit CMU outputs a control signal to
the voltage monitoring module VMMn via the insulating
element INS2. A control signal to the voltage monitoring
modules VMM1-VMM(n-1) is transmitted to the voltage
monitoring modules VMM1-VMM(n-1) using the daisy
chain configuration. In this way, the cell monitoring unit
CMU controls the operations of the voltage monitoring mod-
ules VMM1-VMMn. The voltage monitoring modules
VMM1-VMMn output the monitoring results to the cell
monitoring unit CMU via the insulating element INS1
according to the control signal output from the cell monitor-
ing unit CMU. The monitoring results from the voltage moni-
toring modules VMM2-VMMn are transmitted to the cell
monitoring unit CMU using the daisy chain configuration.

Next, the configuration of each of the voltage monitoring
modules VMM1-VMMn will be described. The voltage
monitoring modules VMM1-VMMn have the similar con-
figuration. Therefore, with reference to FIG. 3, the configu-
ration of the voltage monitoring module VMM1 will be
described as a representative example. FIG. 3 is a block
diagram showing the configuration of the voltage monitoring
module VMM1. The voltage monitoring module VMM1
includes a power supply circuit VMM_S, a communication
circuit VMM_C, a voltage measurement circuit VMC, cell
balance circuits CB1-CBm (m is an integer of two or larger),
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apower supply terminal VCC, inputterminals V_1-V_(m+1),
cell balance input terminals VB1-VBm, a communication
input terminal Tin, and a communication output terminal
Tout. The power supply circuit VMM_S corresponds to the
power supply circuit U1. The cell balance circuits CB1-CBm
correspond to the cell balance circuit U2. The voltage mea-
surement circuit VMC corresponds to the voltage measure-
ment circuit U3. The communication circuit VMM_C corre-
sponds to the communication circuit US.

The battery module EM1 includes battery cells EC1-ECm
connected in series in this order from the high-voltage side. In
the voltage monitoring module VMM1, the power supply
terminal VCC is connected to the high-voltage side of the
battery cell EC1. The low-voltage side of the battery cell ECm
is connected to the input terminal V_(m+1). The voltage of
the input terminal V_(m+1) is divided in the voltage moni-
toring module VMM]1, and supplied to the voltage measure-
ment circuit VMC and the communication circuit VMM_C as
the ground voltage. Accordingly, the output voltage from the
battery module EM1 is supplied to the voltage monitoring
module VMMI as the power supply voltage. The power sup-
ply circuit VMM_S receives power supply from the battery
cell EC1 via the power supply terminal VCC. The power
supply circuit VMM_S supplies power to the communication
circuit VMM_C and the voltage measurement circuit VMC.

The voltage measurement circuit VMC includes a selection
circuit VMC_SEL, an A/D converter (Analog to Digital Con-
verter: ADC) VMC_ADC, a register VMC_REG, and a con-
trol circuit VMC_CON. The control circuit VMC_CON cor-
responds to the control circuit U4. The selection circuit
VMC_SEL includes switches SWa_1-SWa_m and SWb_1-
SWb_m. The switches SWa_1-SWa_m and SWb_1-SWb_m
are turned on or off by a control signal output from the control
circuit VMC_CON. Assuming that j is an integer from 1 to m,
when the voltage of the battery cell ECj is measured, the
switches SWa_j and SWb_j are simultaneously turned on.
Then, the voltage from the high-voltage side terminal of the
battery cell ECj is supplied to the A/D converter VMC_ADC
as a high-voltage side voltage VH via the input terminal V_j.
In the similar way, the voltage from the low-voltage side
terminal of the battery cell ECj is supplied to the A/D con-
verter VMC_ADC as a low-voltage side voltage VL via the
input terminal V_(j+1).

The A/D converter VMC_ADC converts the values of the
high-voltage side voltage VH and the low-voltage side volt-
age VL into voltage values that are digital values. The A/D
converter VMC_ADC then outputs the voltage values that are
digital values to the register VMC_REG. The register
VMC_REG stores the voltage values output from the A/D
converter VMC_ADC. The control circuit VMC_CON
repeats the operation of turning on the switches SWa_1-
SWa_m and SWb_1-SWb_m in order for every predeter-
mined time interval (e.g., 10 msec). Accordingly, the values
of the voltages supplied to the input terminals V_j and V_(j+
1) are overwritten into the register VMC_REG for every
predetermined time interval.

The communication circuit VMM_C receives the com-
mand output from the cell monitoring unit CMU and the
outputs from other voltage monitoring modules VMM2-
VMMn via the communication input terminal Tin. Then the
communication circuit VMM_C transfers the command out-
put from the cell monitoring unit CMU to the control circuit
VMC_CON. The communication circuit VMM_C directly
transfers the outputs from the voltage monitoring modules
VMM2-VMMn to the cell monitoring unit CMU.

The cell balance circuit CBj and an external resistor R_j are
connected between the input terminal V_j and the input ter-
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minal V_(j+1) via the cell balance input terminal VBj. When
the cell balance circuit CBj is turned on, the input terminal
V_j and the input terminal V_(j+1) are conducted. The con-
trol circuit VMC_CON controls ON/OFF of each of the cell
balance circuits CB1-CBm, whereby each of the battery cells
EC1-ECm is selectively discharged.

Subsequently, with reference to FIG. 1, the operation of the
voltage monitoring system VMS will be described. First, an
operation of monitoring the output voltages of the battery
cells will be described. The voltage monitoring system VMS
starts the operation of monitoring the output voltages of the
battery cells according a command to start the voltage moni-
toring operation output from the cell monitoring unit CMU.
For example, the engine control unit ECU detects power-on
of the electric vehicle and issues a command to start the
voltage monitoring system VMS to the battery management
unit BMU. The battery management unit BMU issues a com-
mand to start the voltage monitoring modules VMMI1-
VMMn to the cell monitoring unit CMU according to the
command to start the voltage monitoring system VMS. The
cell monitoring unit CMU issues the command to start the
voltage monitoring operation to the voltage monitoring mod-
ules VMM1-VMMn according to the command to start the
voltage monitoring modules VMM1-VMMn.

With reference to FIG. 3, operations of the voltage moni-
toring modules VMM1-VMMn will be described. The volt-
age monitoring modules VMM1-VMMn receiving the com-
mand to start the voltage monitoring operation perform the
similar operation. In the following description, only the
operation of the voltage monitoring module VMM]1 will be
described as a representative example. The voltage monitor-
ing module VMMI starts the voltage monitoring operation
according to the command to start the voltage monitoring
operation output from the cell monitoring unit CMU. Specifi-
cally, the communication circuit VMM_C transfers the com-
mand to start the voltage monitoring operation output from
the cell monitoring unit CMU to the control circuit
VMC_CON of the voltage measurement circuit VMC. The
control circuit VMC_CON turns on the switches SWa_j and
SWhb_j according to the command to start the voltage moni-
toring operation. Then, the input terminals V_j and V_(j+1)
are each connected to the A/D converter VMC_ADC. The
A/D converter VMC_ADC coverts the magnitude of each of
the voltages supplied to the input terminals V_j and V_(j+1)
connected thereto into voltage values which are digital val-
ues, to write the voltage values into the register VMC_REG.

Inthis example, the control circuit VMC_CON turns onthe
switches SWa_1-SWa_m and SWb_1-SWb_m in order
within a predetermined time period. Thus, the control circuit
VMC_CON repeats the switching operation m times within
the predetermined time period. The predetermined time
period is, for example, 10 msec. In this case, the voltage
monitoring module VMM1 measures the value of the voltage
supplied to each of the input terminals V_j and V_(j+1) for
every predetermined time interval (10 msec), to thereby
sequentially overwrite the values into the register
VMC_REG. The voltage monitoring module VMM1 con-
tinuously performs the voltage monitoring operation stated
above unless there is a command output from the cell moni-
toring unit CMU.

When referring to the values of the output voltages of the
battery cells in order to control the electric vehicle, the cell
monitoring unit CMU issues a command to output the voltage
value to the voltage monitoring module VMM1 according to
a command output from the battery management unit BMU.
The voltage monitoring module VMM1 outputs the voltage
value of the input terminal that is specified to the cell moni-
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toring unit CMU according to the command to output the
voltage value. Specifically, the communication circuit
VMM_C transfers the command to output the voltage value
from the cell monitoring unit CMU to the control circuit
VMC_CON of the voltage measurement circuit VMC. The
control circuit VMC_CON issues the output command to the
register VMC_REG according to the command to output the
voltage value. In this case, the control circuit VMC_CON
specifies, in the register VMC_REG, which voltage value of
which input terminal to output. The register VMC_REG out-
puts the voltage value of the input terminal that is specified at
the time of receiving the output command to the cell moni-
toring unit CMU via the communication circuit VMM_C
according to the output command output from the control
circuit VMC_CON.

The cell monitoring unit CMU calculates the output volt-
age of the battery cell ECj from the voltage values of the input
terminals V_j and V_(j+1) received from the voltage moni-
toring module VMMI. For example, the cell monitoring unit
CMU is able to calculate the output voltage of the battery cell
EC1 from the difference in voltage between the input terminal
V_1 and the input terminal V_2. Then, the cell monitoring
unit CMU notifies the battery management unit BMU of the
output voltage of the battery cell that is calculated according
to the request from the battery management unit BMU.

When the electric vehicle is powered off, the engine control
unit ECU detects power-off of the electric vehicle, and issues
acommand to stop the voltage monitoring system VMS to the
battery management unit BMU. The battery management unit
BMU issues a command to stop the voltage monitoring mod-
ules VMM1-VMMn to the cell monitoring unit CMU accord-
ing to the command to stop the voltage monitoring system
VMS. The cell monitoring unit CMU issues a command to
stop the voltage monitoring operation to the voltage monitor-
ing modules VMM1-VMMn according to the command to
stop the voltage monitoring modules VMM1-VMMn. The
voltage monitoring module VMM1 stops the voltage moni-
toring operation according to the command to stop the voltage
monitoring operation output from the cell monitoring unit
CMU. Specifically, the communication circuit VMM_C
transfers the command to stop the voltage monitoring opera-
tion output from the cell monitoring unit CMU to the control
circuit VMC_CON of'the voltage measurement circuit VMC.
The control circuit VMC_CON turns off all the switches
SWa_1-SWa_m and SWb_1-SWb_m according to the com-
mand to stop the voltage monitoring operation. Accordingly,
the voltage monitoring operation is stopped.

In the description above, the operation of monitoring volt-
ages of the battery cells has been described. However, since
the voltage monitoring system VMS is installed in an electric
vehicle, for example, the voltage monitoring system VMS is
required to perform the operation according to use conditions
of'the electric vehicle or the like. In the following description,
the operations of the voltage monitoring system VMS accord-
ing to use conditions of the electric vehicle will be described.

In order to continuously use the electric vehicle, it is
required to charge the assembled battery assy in a charging
station or the like. When the assembled battery assy is
charged, the engine control unit ECU detects an operation by
a driver including connection of a charge plug, to issue a
charge command to charge the assembled battery assy to the
battery management unit BMU. The battery management unit
BMU opens relays REL1 and REL.2 according to the charge
command output from the engine control unit ECU. Then, the
assembled battery assy and an inverter INV are electrically
disconnected. In this state, an external charge voltage
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CHARGE is supplied to the assembled battery assy via the
charge plug, for example, whereby the assembled battery assy
is charged.

It is generally well known that, when a secondary battery
such as a battery cell is overcharged or overdischarged, the
life of the battery cell becomes short. Further, in a configura-
tion like the assembled battery assy in which a plurality of
battery cells are connected in series, manufacturing variations
in the battery cells causes variations in voltage even when
similar charge and discharge operations are performed. If
charge and discharge operations of the assembled battery assy
are repeated while leaving the variations, degradation, over-
charging, or overdischarging occurs in only a specific battery
cell. This reduces the life of the whole assembled battery assy
and causes occurrence of a failure. Accordingly, when the
battery cells connected in series are used, it is required to keep
the balance of the voltage of each of the battery cells (so-
called cell balance).

In the following description, operations of the battery cells
of'the voltage monitoring system VMS at the time of charging
at a charging station or the like will be described. The opera-
tion of monitoring the output voltages of the battery cells and
the method of calculating the output voltages of the battery
cells are similar to those described above, and thus descrip-
tion will be omitted as appropriate.

First, the battery management unit BMU issues a command
to measure output voltages to the cell monitoring unit CMU
according to the charge command output from the engine
control unit ECU. The cell monitoring unit CMU calculates
the output voltages of all the battery cells forming the
assembled battery assy according to the command to measure
the output voltages from the battery management unit BMU,
to notify the battery monitoring unit BMU of the calculation
results. The battery management unit BMU specifies the bat-
tery cell having the lowest output voltage in the assembled
battery assy. In this description, for the sake of simplification
of description, it is assumed that the battery cell EC1 of the
battery module EM1 has the lowest output voltage in the
assembled battery assy.

Then, the battery management unit BMU issues a com-
mand to perform the cell balance operation to the cell moni-
toring unit CMU. The cell monitoring unit CMU issues a
discharge command to the voltage monitoring modules
VMM1-VMMn according to the command to perform the
cell balance operation. In the following description, the
operation of the voltage monitoring module VMM]1 will be
described as a representative example. In the voltage moni-
toring module VMM1, the control circuit VMC_CON of the
voltage measurement circuit VMC receives the discharge
command via the communication circuit VMM_C. The con-
trol circuit VMC_CON turns on the cell balance circuits
CB2-CBm according to the discharge command. Accord-
ingly, the battery cells EC2-ECm are discharged.

The cell monitoring unit CMU sequentially calculates the
output voltage values of the battery cells EC2-ECm that are
being discharged. When the output voltage of each of the
battery cells is reduced to the output voltage of the battery cell
EC1, a command to stop discharging is issued to stop the
discharge operation of the corresponding battery cell. In the
following description, a case will be described in which the
output voltage of the battery cell EC2 is reduced to the output
voltage of the battery cell EC1 due to discharging. First, the
cell monitoring unit CMU detects that the output voltage of
the battery cell EC2 is reduced to the output voltage of the
battery cell EC1. Then, the cell monitoring unit CMU issues
the command to stop discharging of the battery cell EC2 to the
voltage monitoring module VMMI1.
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The control circuit VMC_CON of the voltage monitoring
module VMMI receives the command to stop discharging of
the battery cell EC2 through the communication circuit
VMM_C. The control circuit VMC_CON turns off the cell
balance circuit CB2 according to the command to stop dis-
charging of the battery cell EC2. Accordingly, discharging of
the battery cell EC2 is stopped, and the output voltage of the
battery cell EC2 becomes equal to the output voltage of the
battery cell EC1. The cell monitoring unit CMU performs the
similar operation, whereby the output voltage of each of the
battery cells EC3-ECm of the battery module EM1 and the
output voltage of each of the battery cells of the battery
modules EM2-EMn become equal to the output voltage of the
battery cell EC1. Accordingly, the output voltage of each of
the battery cells of the battery modules EM2-EMn is equal-
ized, and the cell monitoring unit CMU completes the cell
balance operation. The cell monitoring unit CMU notifies the
battery management unit BMU of completion of the cell
balance operation.

The battery management unit BMU issues a command to
start charging to a power receiving unit (not shown) con-
nected to the charge plug according to the notification of
completion of the cell balance operation. Accordingly, the
external charge voltage CHARGE is supplied to the
assembled battery assy, and charging of the assembled battery
assy is started.

The cell monitoring unit CMU monitors the output voltage
of each battery cell that is being charged. When the output
voltage of any one of the battery cells reaches the charge
upper limit voltage, the cell monitoring unit CMU issues an
overcharge warning to the battery management unit BMU.
The battery management unit BMU issues a command to stop
charging to the power receiving unit according to the notifi-
cation of the overcharge warning. Then, the supply of the
external charge voltage CHARGE is interrupted, which stops
charging. Preferably, the charge upper limit voltage is a volt-
age value which is smaller than the threshold voltage level of
overcharging and has a sufficient margin from the voltage
level at the time of overcharging in order to reliably prevent
occurrence of overcharging of battery cells.

There are variations in charge characteristics of each bat-
tery cell of the voltage modules EM1-EMn. Therefore, there
are generated variations in voltage value of each battery cell
after charging. Therefore, in order to grasp variations in the
voltage value of each battery cell, the cell monitoring unit
CMU measures the output voltage of each battery cell. Then,
it is determined whether the variations in the output voltage of
each battery cell are within a specified range. Then, the deter-
mination results are sent to the battery management unit
BMU.

When the variations in the output voltage of each battery
cell are not within the specified range, the battery manage-
ment unit BMU instructs the cell monitoring unit CMU to
start the cell balance operation. After the cell balance opera-
tion is completed, the battery management unit BMU
instructs the power receiving unit to start charging. On the
other hand, when the variations in the output voltage of each
battery cell are within the specified range, the battery man-
agement unit BMU notifies the engine control unit ECU of the
charge completion. The engine control unit ECU displays in
a display apparatus or the like provided in a driver’s seat that
charging of the assembled battery assy has been completed.
As described above, the voltage monitoring system VMS
monitors the output voltages of the battery cells, thereby
being able to charge the assembled battery assy to the full
charge state while preventing overcharging and keeping
excellent cell balance.
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Next, a case in which the electric vehicle is accelerated will
be described. When the electric vehicle is accelerated, the
engine control unit ECU detects an operation by the driver
(e.g., pressing an accelerator pedal), to issue an acceleration
command to accelerate the electric vehicle to the inverter INV
and the battery management unit BMU. The inverter INV
changes the operation mode of itself to the DC-to-AC con-
version mode according to the acceleration command output
from the engine control unit ECU. The battery management
unit BMU closes the relays REL1 and REL2 according to the
acceleration command output from the engine control unit
ECU. Accordingly, a direct voltage is supplied from the
assembled battery assy to the inverter INV. The inverter INV
converts the direct voltage into an alternating voltage, which
is then supplied to a motor generator MG. The motor genera-
tor MG receives supply of the alternating voltage, and gener-
ates a driving force. The driving force generated by the motor
generator MG is transmitted to drive wheels via a drive shaft
and the like, whereby the electric vehicle is accelerated.

When the electric vehicle is accelerated, power stored in
the battery cells is consumed, and the output voltages of the
battery cells are reduced. Accordingly, it is required to take
any measure to prevent overdischarging of the battery cells.
Therefore, the voltage monitoring system VMS constantly
monitors the output voltage of each battery cell during trav-
elling. For example, when the voltage of any battery cell is
below the warning level voltage, the cell monitoring unit
CMU issues a voltage decrease warning to the battery man-
agement unit BMU. The battery management unit BMU
issues to the engine control unit ECU a warning to inform that
the residual charge amount of the assembled battery assy is
decreasing according to the voltage decrease warning. The
engine control unit ECU displays, in a display apparatus or
the like that is provided in a driver’s seat, the warning to
inform that the residual charge amount of the assembled
battery assy is decreasing, to notify the driver that overdis-
charging of the battery cells may occur. Accordingly, the
voltage monitoring system VMS is able to urge the driver to
take any measure (e.g., stop travelling) to prevent overdis-
charging.

When the warning to inform that the residual charge
amount of the assembled battery assy is decreasing is
neglected and travelling is further continued, the output volt-
ages of the battery cells are further reduced. Therefore, in
order to prevent overdischarging of the battery cells, it is
required to stop discharging of each battery cell. For example,
when the voltage of any battery cell is lower than the emer-
gency stop level voltage, the cell monitoring unit CMU issues
an emergency stop warning to the battery management unit
BMU. Preferably, the emergency stop level voltage is a volt-
age value which is larger than the threshold voltage level of
overdischarging and has a sufficient margin from the voltage
level at the time of overdischarging in order to reliably pre-
vent occurrence of overdischarging of battery cells.

The battery management unit BMU starts an emergency
stop action according to the emergency stop warning output
from the cell monitoring unit CMU. Specifically, the battery
management unit BMU opens the relays REL1 and REL2,
and interrupts power supply from the assembled battery assy
to the inverter INV. Then, the decrease in the output voltages
of the battery cells stops. Further, the battery management
unit BMU notifies the engine control unit ECU of execution
of the emergency stop action. The engine control unit ECU
displays in the display apparatus or the like provided in the
driver’s seat that the emergency stop action has been started.
Accordingly, it is possible to reliably prevent occurrence of
overdischarging of the battery cells.
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Next, a case in which the electric vehicle is decelerated will
be described. When the electric vehicle is decelerated, the
engine control unit ECU detects an operation by the driver
(e.g., pressing a brake pedal), for example, to issue a decel-
eration command to decelerate the electric vehicle to the
inverter INV and the battery management unit BMU. The
inverter INV changes the operation mode of itself to the
AC-10-DC conversion mode according to the deceleration
command output from the engine control unit ECU. The
battery management unit BMU closes the relays REL1 and
REL2 according to the deceleration command output from
the engine control unit ECU. The motor generator MG gen-
erates electricity by a rotational force of tires transmitted via
adrive shaft and the like. The rotation resistance generated by
power generation is transmitted to drive wheels via the drive
shaft and the like as a braking force. This decelerates the
electric vehicle. This braking method is typically called a
regeneration brake operation. The alternating voltage gener-
ated by the regeneration brake operation is supplied to the
inverter INV. The inverter INV converts the alternating volt-
age from the motor generator MG into a direct voltage, which
is then supplied to the assembled battery assy. Accordingly,
the assembled battery assy is charged by the voltage recov-
ered in the regeneration brake operation.

In the regeneration brake operation, the assembled battery
assy is charged, which increases the output voltage of each
battery cell. Therefore, it is required to take any measure to
prevent overcharging of the battery cells. Accordingly, the
voltage monitoring system VMS constantly monitors the out-
put voltage of each battery cell during travelling. The cell
monitoring unit CMU determines whether the output voltage
of each battery cell at the time of start of the regeneration
brake operation is equal to or lower than the charge upper
limit voltage. When there is a battery cell whose output volt-
age is larger than the charge upper limit voltage, the cell
monitoring unit CMU issues an overcharge warning to the
battery management unit BMU. The battery management unit
BMU opens the relays REL1 and REL2 according to the
overcharge warning, to prevent the assembled battery assy
from being charged.

Also during charging by the regeneration brake operation,
the cell monitoring unit CMU continues to monitor the output
voltages of the battery cells. When there is a battery cell
whose output voltage has reached the charge upper limit
voltage, the cell monitoring unit CMU issues the overcharge
warning to the battery management unit BMU. The battery
management unit BMU opens the relays RELL1 and REL2
according to the overcharge warning, to prevent the
assembled battery assy from being charged. In this way, it is
possible to prevent overcharging of the assembled battery
assy.

In the description above, the operation of the voltage moni-
toring system VMS has been described based on the situation
in which the voltages of the battery cells can be normally
detected. However, in reality, it may be possible that the
output voltages of the battery cells cannot be normally
detected. For example, when wiring between the voltage
monitoring modules VMM1-VMMn and the assembled bat-
tery assy is disconnected, the voltage in the position where the
disconnection occurs abnormally decreases or abnormally
increases, and the cell monitoring unit CMU cannot normally
calculate voltages. When such disconnection occurs, it is
impossible to monitor the output voltages of the battery cells,
which is an object of the voltage monitoring system VMS. In
such a case, it is required to detect the disconnection failure.

In order to achieve this, the cell monitoring unit CMU
stores the appropriate range of values of the output voltage in
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advance. When the output voltage value of the battery cell that
is calculated is deviated from the appropriate range, the cell
monitoring unit CMU determines that disconnection failure
occurs. The cell monitoring unit CMU then notifies the bat-
tery management unit BMU of the occurrence of the discon-
nection failure. The battery management unit BMU opens the
relays REL1 and REL2 according to the notification of the
occurrence of the disconnection failure to disconnect the
inverter INV from the assembled battery assy. This prevents
occurrence of further failure in the system. Further, the bat-
tery management unit BMU notifies the engine control unit
ECU of the occurrence of the disconnection failure. The
engine control unit ECU displays the occurrence of the dis-
connection failure in the display apparatus or the like pro-
vided in the driver’s seat, to notify the driver of the occurrence
of the failure. In this way, the voltage monitoring system
VMS is also able to detect the occurrence of the disconnection
failure.

The configuration and the operation of the voltage moni-
toring system VMS are merely an example. Accordingly, for
example, the cell monitoring unit CMU and the battery man-
agement unit BMU can be integrated into one circuit block.
Further, a part or all of the functions of the cell monitoring
unit CMU and the battery management unit BMU may be
alternated with each other. Furthermore, the cell monitoring
unit CMU, the battery management unit BMU, and the engine
control unit ECU may be integrated into one circuit block.
Further, the engine control unit ECU may perform a part or all
of the functions of the cell monitoring unit CMU and the
battery management unit BMU.

First Embodiment

Hereinafter, with reference to the drawings, a bandgap
reference (hereinafter referred to as a BGR) circuit 100
according to a first embodiment of the present invention will
be described. A BGR circuit 100 according to the first
embodiment is included in the power supply circuit that sup-
plies power to the voltage monitoring module shown in FIG.
3, for example, and supplies a reference voltage to the A/D
converter VMC_ADC shown in FIG. 3. Unless otherwise
stated, the same is applied to BGR circuits according to a
second and subsequent embodiments. FIG. 4 is a circuit dia-
gram showing a configuration of the BGR circuit 100 accord-
ing to the first embodiment. The BGR circuit 100 includes
resistors R[L1 and RL2, bipolar transistors Q1 and Q2, resis-
tors R1, R2a and R25, an amplifier AMP, and a temperature
correction circuit 10. The temperature correction circuit 10
corresponds to a first temperature correction circuit. The
BGR circuit 100 is connected between a first power supply
terminal (e.g., a power supply terminal that supplies a power
supply voltage VDD, and hereinafter referred to as a power
supply terminal VDD) and a second power supply terminal
(e.g., a power supply terminal that supplies a ground voltage
GND, and hereinafter referred to as a ground terminal GND),
and is supplied with power.

The resistor RL1 is connected between the power supply
terminal VDD and the collector of the bipolar transistor Q1.
The resistor R1 is connected between the emitter of the bipo-
lar transistor Q1 and the ground terminal GND. The bipolar
transistor Q1 corresponds to a first bipolar transistor. The
resistor R1 corresponds to a first resistor. The base of the
bipolar transistor Q1 is connected to an output terminal T -~

The resistor RL.2 is connected between the power supply
terminal VDD and the collector of the bipolar transistor Q2.
The resistors R2q and R256 are connected in series in this order
between the emitter of the bipolar transistor Q2 and the emit-
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ter of the bipolar transistor Q1. The bipolar transistor Q2
corresponds to a second bipolar transistor. The resistor R2a
corresponds to a second resistor, and the resistor R25 corre-
sponds to a third resistor. The base of the bipolar transistor Q2
is connected to the output terminal T,

The resistors R2a and R25 have the same resistance value.
Further, the resistors R2a and R25b each have half the resis-
tance value of that of the resistor R102 of the BGR circuit
1100 shown in FIG. 24. Thus, when the resistance value of the
resistor R102 of the BGR circuit 1100 is denoted by R, the
resistance value of each of the resistors R2a and R25 is R/2.

The non-inverting input of the amplifier AMP is connected
to the collector of the bipolar transistor Q1, and the inverting
inputis connected to the collector of the bipolar transistor Q2.
The output of the amplifier AMP is connected to the output
terminal T, 7.

The temperature correction circuit 10 is provided between
the ground terminal GND and a node between the resistors
R2a and R25. The temperature correction circuit 10 includes
a transistor Q11 and a resistor R11. The transistor Q11 cor-
responds to a first transistor. The resistor R11 corresponds to
a fourth resistor. The collector of the transistor Q11 is con-
nected to the node between the resistors R2a and R2b. The
resistor R11 is connected between the emitter of the transistor
Q11 and the ground terminal GND. The base of the transistor
Q11 is connected to anode N1 (i.e., terminal on the side of the
bipolar transistor Q1 of the resistor R1).

Note that the bipolar transistor Q1 and the bipolar transis-
tor Q2 have different sizes. In this example, the area ratio of
the bipolar transistor Q1 to the bipolar transistor Q2 is 1:N.
Therefore, the bipolar transistor Q1 and the bipolar transistor
Q2 have different current densities during operation. In sum-
mary, the current density J, of the bipolar transistor Q1 and
the current density J, of the bipolar transistor Q2 satisty the
relation as shown in the following formula (10).

P

J_l_

10

Subsequently, an operation of the BGR circuit 100 will be
described. As described above, temperature characteristics of
an output voltage Vg of the BGR circuit are shown by a
curved line having an upwardly convex shape. In the follow-
ing description, the temperature at which the curved line
having the upwardly convex shape indicating the temperature
characteristics of the output voltage V ;- of the BGR circuit
indicates the maximum value is denoted by Ts. The tempera-
ture correction circuit 10 of the BGR circuit 100 has charac-
teristics that it starts the operation at a predetermined thresh-
old temperature TthH which is higher than Ts. In the
following description, the operation of the BGR circuit 100
when the temperature T is lower than TthH and the operation
of'the BGR circuit 100 when the temperature T is equal to or
higher than TthH will be separately described. Further, in the
following description, the base-to-emitter voltages of the
bipolar transistors Q1 and Q2 are denoted by V-, and Vg,
respectively.

First, a case in which T<TthH will be described. FIG. 5 is
an equivalent circuit diagram showing the BGR circuit 100
when T<TthH. As shown in FIG. 5, a current 11 flows through
the bipolar transistor Q1, and a current 12 flows through the
bipolar transistor Q2 and the resistors R2a and R25.

As described above, the resistors R2a and R24 each have
half the resistance value of that of the resistor R102 of the
BGR circuit 1100. Accordingly, the BGR circuit 100 when
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T<TthH has the similar configuration as that of the BGR
circuit 1100. In short, the BGR circuit 100 when T<TthH
performs the similar operation as in the BGR circuit 1100.
Therefore, detailed description of the operation of the BGR
circuit 100 when T<TthH will be omitted.

Next, a case in which T=TthH will be described. FIG. 6 is
an equivalent circuit diagram showing the BGR circuit 100
when T=TthH. As the temperature T increases above Ts, the
current 12 shown in FIG. 5 increases. Therefore, the voltage of
the node N1 increases with increasing temperature. When the
temperature T exceeds the threshold temperature TthH, the
voltage of the node N1 exceeds the threshold voltage of the
transistor Q11. Then, the current 122 starts to flow through the
transistor Q11 and the resistor R11. Further, the current 121
which is obtained by subtracting the current 122 from the
current 12 flows through the resistor R24. Accordingly, the
temperature correction circuit 10 starts the operation, and
corrects temperature changes of the base-to-emitter voltage
V sz of the bipolar transistor Q1, thereby correcting the out-
put voltage V- of the BGR circuit 100. In the BGR circuit
100, parameters of the circuit are set appropriately, thereby
being able to set the threshold temperature at which the volt-
age of the node N1 exceeds the threshold voltage of the
transistor Q11. In short, it is possible to set the temperature at
which the temperature correction circuit 10 starts the tem-
perature correction operation of the output voltage V.

In the following description, the temperature correction
operation of the output voltage V ;  of the temperature cor-
rection circuit 10 will be described in detail. When T=TthH,
the current I flows through the resistor R1. At this time, the
output voltage V. that appears in the output terminal T -
is expressed by the following formula (11).

Vaer=Vae1+R11 (11

Since R2a=R2b, the base-to-emitter voltage V., of the
bipolar transistor Q1 is expressed by the following formula

12).

Vgl = Vg + R2a- 12+ R2b- 121 12

= Vgps + R2a(12 + 121)

Further, the relation shown by formula (13) is established
for the currents 12, 121, and 122.

DR=I21+I22 (13)

From formula (13), the formula (12) can be rewritten into
formula (14).

Var1=Vae+R2a(2-12-122) (14)

Solving formula (14) for the current 12 yields the following
formula (15).

122

)

_ Ve - Vi (15)

2=

Further, (Vzz,—V g )=AVz can be expressed by the fol-
lowing formula (16). Note that K is Boltzmann constant, q is
the charge of an electron, and T is absolute temperature.



US 9,367,077 B2

17

AVgg = %m(j—f)

(16)

From formula (10), formula (16) can be rewritten into the
following formula (17).

KT (n
AVgr = —In(N)
q

Substituting formula (17) into formula (15) yields the fol-
lowing formula (18).

KT 122

In(N) + (18
Zq-RZan( ) 3

2=

Further, from formula (13) and formula (18), the current
121 can be expressed by the following formula (19).

KT 22

I a9
2q- RZaln(N) T

21 =

The BGR circuit 100 operates so that the current I1
becomes equal to the current 12. Thus, when 11=12, the fol-
lowing formula (20) is established.

=2 (20)

From formulae (11), (18), and (20), the following formula
(21) can be obtained.

Vecr = Vpe1 + (I1 + I21) X R1 @2

= VaE1 +(12+121)><R1

1 KT
= Va1 + = 71I1(N)

R2a

Since the resistance value of each of the resistors R2a and
R2b of the BGR circuit 100 is R/2, formula (21) can be
rewritten into formula (22).

Rl KT 22)
Vecr = Vg1 +2- ' 71H(N)

Further, formula (9) can also be rewritten into the same
formula as formula (22). In summary, as shown in the second
term of the right side of formula (22), the BGR circuit 100
according to this embodiment is able to perform a tempera-
ture compensation operation which is similar to that in the
typical BGR circuit 1100.

Further, in the BGR circuit 100, since 11=12, the current 11
can be expressed by the following formula (23).

KT 122

oy (23)
g RN+ -

11 =

Insummary, inthe BGR circuit 100, the value of the current
11 increases compared to that of the BGR circuit 1100 by the
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amount corresponding to the second term of the right side of
formula (23). Accordingly, as a result that the current I1
increases, the base-to-emitter voltage Vzz; of the bipolar
transistor Q1 increases. Thus, a positive correction amount
can be supplied to the base-to-emitter voltage V,, of the
bipolar transistor Q1 having a negative temperature coeffi-
cient by the amount corresponding to the second term of the
right side of formula (23). Further, it is possible to supply the
correction amount by the second term of the right side of
formula (23) without giving influence on parameters other
than the base-to-emitter voltage V., of the bipolar transistor
Q1.

FIG. 7 is a graph showing temperature characteristics of
the output voltage V5 -, of the BGR circuit 100 according to
the first embodiment. In FIG. 7, the temperature characteris-
tics of the BGR circuit 100 according to this embodiment are
shown by a curved line L1, and the temperature characteris-
tics of the typical BGR circuit 1100 are shown by a curved
line 1.10. As shown in FIG. 7, the temperature correction
circuit 10 starts an operation under a temperature of TthH or
higher, to perform temperature correction of the output volt-
age Vear-

As shown in the curved line 1.10, when the temperature
correction is not performed, the change ratio of the output
voltage V., of the BGR circuit increa